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Abstract

Background: Pyroptosis is a programmed death mode of inflammatory cells, which is closely related to
tumor progression and tumor immunity. Clear cell renal cell carcinoma (ccRCC) is the major pathological
type of renal cell carcinoma (RCC) with poor prognosis. Many theories have tried to clarify the
mechanism in the development of ccRCC, but the role of pyroptosis in ccRCC has not been well
described. The main purpose of this study is to explore the role of pyroptosis in ccRCC and establish a
novel prognosis prediction model of pyroptosis-related molecular signatures for ccRCC.

Methods: In the present study, we made a systematical analysis of the association between ccRCC RNA
transcriptome sequencing data from The Cancer Genome Atlas (TCGA) database [which included 529
ccRCC patients who were randomized in a training cohort (n=265) and an internal validation cohort
(n=264)] and 40 pyroptosis-related genes (PRGs), from which four genes (CASP9, GSDME, IL1B and
TIRAP) were selected to construct a molecular prediction model of PRGs for ccRCC. In addition, a
cohort of 114 ccRCC patients from Shanghai Eastern Hepatobiliary Surgery Hospital (EHSH) was used as
external data to verify the effectiveness of the model by immunohistochemistry. Moreover, the biological
functions of the four PRGs were also verified in ccRCC 786-O and 769-P cells by Western blot (WB),
CCK-8 cell proliferation, and Transwell invasion assays.

Results: The model was able to differentiate high-risk patients from low-risk patients, and this
differentiation was consistent with their clinical survival outcomes. In addition, the four PRGs also
affected the ability of cell proliferation and invasion in ccRCC.

Conclusion: The prediction model of pyroptosis-related molecular markers developed in this study may
prove to be a novel understanding for ccRCC.
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Introduction

Renal cell carcinoma (RCC) is a common It is estimated that RCC caused about 431,288 new
malignant tumor of the urinary system originating cases and 179,368 deaths worldwide in 2020 (2),
from the parenchymal epithelium of renal tubules (1).  seriously endangering human health. Most RCC
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patients were found to be in an advanced stage at
diagnosis, which is the main reason for the poor
prognosis of the disease (3). Clear-cell RCC (ccRCC) is
the most common subtype, accounting for about 70%
of all RCC cases (4). It is considered an immunogenic
tumor by inducing immune dysfunction and eliciting
infiltration of immune-inhibitory cells such as
regulatory T (Treg) cells and myeloid-derived
suppressor cells (MDSCs) into the tumor microen-
vironment (TME) (5). Given the clinically observed
heterogeneity of ccRCC (6-8), many studies have
revealed the intra-tumor and inter-tumor
heterogeneity of ccRCC through tumor genomics
(9-12). The complexity of the mechanism has always
been a challenge in biological research.

Pyroptosis, a form of proinflammatory cell
death, has been identified as caspase-1-mediated
monocyte death and is accompanied by interleukin-1(3
(IL1B) and interleukin-18 (IL-18) secretion (13).
Pyroptosis is a regulated cell death that relies on
gsdermin family proteins to form membrane pores in
the plasma membrane (14). Cleavage of gasdermin D
(GSDMD) by caspase-1, -4, -5, or -11 defines the
canonical pyroptosis pathway (15-17). Caspase-3 was
reported to specifically cleave gasdermin E (GSDME),
leading to chemotherapy drug-induced normal-tissue
damage or viral infection-mediated secondary
necrosis (18,19), revealing that GSDME also has
pyroptotic potential.

Interestingly, emerging evidence indicated that
pyroptosis is related to tumor immunity (20,21). Many
pyroptosis-related genes are highly expressed in
gastrointestinal tumors. For example, gasdermin B
(GSDMB) was reported to be highly expressed in
digestive system epithelial cell-derived tumor cells,
and the induction of pyroptosis by GSDMB could
enhance antitumor immunity (22), suggesting a
potential strategy for anticancer therapy by inducing
pyroptosis in tumor cells. However, few reports have
explicated the effect of pyroptosis in ccRCC. In the
present study, we constructed a prediction model of
pyroptosis-related molecular markers. Moreover,
several in vitro experiments (contain WB, CCK-8 cell
proliferation, and Transwell invasion assays) were
conducted to reveal that the four PRGs (CASP9,
GSDME, IL1B and TIRAP) selected in our study may
affect the ability of cell proliferation and invasion in
ccRCC.

Materials and Methods

Data download, processing, and screening

A total of 529 CCRCC patients with mRNA
sequencing data and clinical information were
obtained from The Cancer Genome Atlas (TCGA)

database. They were randomized into two cohorts: a
training cohort (n=265/50%) and an internal
validation cohort (n=264/50%), and all data of
transcriptional sequencing were analyzed as
fragments per kilobase per million (FPKM). In
addition, pyroptosis-related genes (PRGs) were
collected from previous studies (Table 1). The clinical
data of training cohort and internal validation cohort
can been respectively seen in Supporting information
1 and Supporting information 2.

Table 1. Pyroptosis related genes.

Gene name  Full name Gene Cards ID Category

AIM2 Absent In Melanoma 2 GC01M159062 Protein Coding

CASP1 Caspase 1 GC11M105025 Protein Coding

CASP3 Caspase 3 GC04M184627 Protein Coding

CASP4 Caspase 4 GC11M104942  Protein Coding

CASP5 Caspase 5 GC11M104995 Protein Coding

CASP6 Caspase 6 GC04M109688 Protein Coding

CASP8 Caspase 8 GC02P201233  Protein Coding

CASP9 Caspase 9 GC01M015491  Protein Coding

ELANE Elastase, Neutrophil Expressed =~ GC19P001191  Protein Coding

GPX4 Glutathione Peroxidase 4 GC19P001103  Protein Coding

GSDMA Gasdermin A GC17P042241  Protein Coding

GSDMB Gasdermin B GC17M039904 Protein Coding

GSDMC Gasdermin C GC08M129705 Protein Coding

GSDMD Gasdermin D GC08P143553  Protein Coding

GSDME Gasdermin E GC07M024699 Protein Coding

IL18 Interleukin 18 GC11M112143  Protein Coding

IL1B Interleukin 1 Beta GC02M112829  Protein Coding

IL6 Interleukin 6 GCO07P022725  Protein Coding

NLRC4 NLR Family CARD Domain GC02M032224  Protein Coding
Containing 4

NLRP1 NLR Family Pyrin Domain GC17M005499 Protein Coding
Containing 1

NLRP2 NLR Family Pyrin Domain GC19P054953  Protein Coding
Containing 2

NLRP3 NLR Family Pyrin Domain GC01P247415  Protein Coding
Containing 3

NLRP6 NLR Family Pyrin Domain GC11P000269  Protein Coding
Containing 6

NLRP7 NLR Family Pyrin Domain GC19M054923  Protein Coding
Containing 7

NOD1 Nucleotide Binding GC07M030424 Protein Coding
Oligomerization Domain
Containing 1

NOD2 Nucleotide Binding GC16P050693  Protein Coding
Oligomerization Domain
Containing 2

PJVK Pejvakin GC02P178450  Protein Coding

PLCG1 Phospholipase C Gamma 1 GC20P041136  Protein Coding

PRKACA Protein Kinase CAMP-Activated GC19M014354 Protein Coding
Catalytic Subunit Alpha

PYCARD PYD And CARD Domain GC16M031201 Protein Coding
Containing

SCAF11 SR-Related CTD Associated GC12M045919 Protein Coding
Factor 11

TIRAP TIR Domain Containing Adaptor GC11P126284  Protein Coding
Protein

TNF Tumor Necrosis Factor GC06P073386  Protein Coding

MEFV MEFV Innate Immuity Regulator, GC16M006017 Protein Coding
Pyrin

HMGB1 High Mobility Group Box 1 GC13M030456 Protein Coding

LDHA Lactate Dehydrogenase A GC11P018394  Protein Coding

LDHB Lactate Dehydrogenase B GC12M021635 Protein Coding

NINJ1 Ninjurin 1 GC09M093121  Protein Coding

GZMA Granzyme A GC05P055102  Protein Coding

GZMB Granzyme B GC14M024630 Protein Coding
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Tumor classification based on PRGs

Univariate Cox regression analysis was used to
explore the association between prognosis and
expression of 40 PRGs in ccRCC patients of the
training cohort, and PRGs with p < 0.05 were
subjected into tumor classification by the
non-negative matrix factorization (NMF) method with
R package “NMF”. The optimal k value used to
determine the number of subclusters was determined
by the cophenetic.

Construction and evaluation of a prognostic
signature based on PRGs in the TCGA ccRCC
training cohort

PRGs related to the prognosis of ccRCC patients
were also sent into the analysis of least absolute
shrinkage and selection operator (LASSO) regression
before undergoing multivariate Cox regression
analysis. The above two steps were implemented by R
package “glmnet” and “survival”, respectively. After
that, each PRG obtained a P value for constructing a
risk score formula. The formula for each patient is as
follows:

n

Risk score = Z(CoefﬁcientmRNAi * Expression,gnai)

1

Patients in the training cohort were classified
into a low-risk group and a high-risk group based on
the median risk score. Furthermore, the areas under
the receiver-operator characteristic curves (ROC)
were utilized to assess the accuracy of the prognostic
signature by using R package “survivalROC”.
Patients were reordered based on the risk scores to
plot the risk curve, survival status-related scatterplot
and Kaplan-Meier (KM) curves, which simply
identified different survival statuses for the two risk
groups. Meanwhile, a heatmap demonstrating the
differently expressed PRGs in the low- and high-risk
groups was plotted.

Independent prognostic analysis of the risk
scores and functional analysis between the two
risk groups

Combined with other clinical factors, the risk
scores were further verified by prognosis analysis.
After univariate and multivariate Cox regression
analyses, significant clinical factors (p<0.05 in both
analyses) were selected to build a nomogram (R
package “survivalROC”) to predict survival
probability for ccRCC patients. In addition, AUC and
calibration curves were used to evaluate the accuracy
of the nomogram. Differently expressed genes (DEGs)
in low- and high-risk groups were determined by
“limma” R package according to the criteria

(|log2FC| =1 and adjusted p-value < 0.05), which is
the basis of Gene Ontology (GO) enrichment analysis
by applying “ClusterProfiler” package. In addition,
the activity of 13 immune-related functions in
high-risk group and low-risk group was calculated

with single-sample gene set enrichment analysis
(ssGSEA) in the "GSVA" R package.

Validation of the developed signature in an
internal cohort

Similar to the training cohort, each patient in the
validation cohort got a risk score using the same
formula, which helped divide the 264 patients into a
low-risk group and a high-risk group according to the
median risk score. Additionally, the risk curve,
survival status-related scatterplot and KM curves
were also used to validate the distinct prognoses in
the two risk groups, and the AUC was used to
evaluate the predictive ability of the gene signature.
Univariate and multivariate Cox regression helped
identify whether the risk scores were independent
clinical risk factors in the validation cohort.
Ultimately, GO enrichment and immune-related
functions were analyzed to explore the difference in
biological function between the two groups.

Patients and tissue samples from the Eastern
Hepatobiliary Surgery Hospital (EHSH)

114 ccRCC patients received partial or radical
nephrectomy between January 2015 and February
2016 at the Department of Urology of EHSH affiliated
to the Second Military Medical University (Shanghai,
China). These ccRCC tissues and related paired
adjacent tissues were collected from the 114 EHSH
ccRCC patients, and then made into tumor
microarrays. The clinical data of EHSH cohort can
been seen in Supporting information 3.

Immunohistochemistry (IHC) assay

The 114 EHSH ccRCC tissue chip was firstly
added dropwise with diluted antibodies of CASP9
(ab32539, 1:1000, Abcam, USA), GSDME (13075-1-AP,
1:1000, Proteintech, USA), IL1B (ab283818, 1:1000,
Abcam, USA) and TIRAP (NBP2-95138, 1:1000,
Bio-Techne, USA). Then the 114 EHSH ccRCC tissue
was add anti rabbit HRP, horseradish enzyme labeled
streptavidin working solution and DAB successively,
and finally observe under the optical microscope. And
the staining intensity were scored as 0 (negative), 1
(weakly positive), 2 (moderately positive), and 3
(strongly positive). Calculation of the final evaluation
criteria for positive cell frequency are as follows:
staining intensity score (0-3) x staining area (0-100),
full score: 300 points. The detailed information on
IHC score can be seen in Supporting information 3.
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RNA interference and overexpression plasmid

The RNA oligo sequences of the genes in the
model are as follows:

CASP9, SS: AGAGGUUCUCAGACCGGAAAC,
AS: UUCCGGUCUGAGAACCUCUGG;

GSDME, SS: GAAUGACUCUGAUAAGUU
ACA, AS: UAACUUAUCAGAGUCAUUCAG;

IL1B, SS: GCGUGUUGAAAGAUGAUAAGC,
AS: UUAUCAUCUUUCAACACGCAG.

The coding sequence of TIRAP was inserted into
pcDNA3.1(+) by using the QuickFusion cloning kit
(Biotool, USA).

Cell culture

ccRCC 786-O and 769-P cells were obtained from
the American Type Culture Collection (ATCC,
Manassas, VA, USA) in 2016. 786-O and 769-P cells
were routinely maintained in RPMI-1640 (added with
1% penicillin-streptomycin and 10% fetal bovine
serum) (Gibco, USA) in a humid atmosphere with 5%
CO; at 37°C. The siRNA of CASP9, GSDME and IL1B
were transfected with Lipofectamine RNAiIMAX
Reagent (Thermo Fisher Scientific, USA). The
overexpression plasmid of TIRAP was transfected
with Lipofectamine 2000 Reagent (Thermo Fisher
Scientific, USA).

Western blot (WB) analysis of the model

The total protein in cells (ccRCC 786-O and
769-P) was extracted by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred to
polyvinylidene fluoride (PVDF) membrane (Thermo,
USA). After that, the PVDF membrane was incubated
with the diluted antibodies: CASP9 (ab32539, 1:1000,
Abcam, USA), GSDME (13075-1-AP, 1:1000,
Proteintech, USA), IL1B (ab283818, 1:1000, Abcam,
USA), and TIRAP (NBP2-95138, 1:1000, Bio-Techne,
USA). Then the PVDF membrane was washed and
incubated with the diluted horseradish peroxidase-
conjugated goat anti-rabbit (1:2000, Santa Cruz, USA).
The b-actin (ab8226, Abcam, USA) was used as the
loading control.

CCK-8 cell proliferation assay

After digestion, counting and centrifugation,
786-O and 769-P cells (containing the wild type (WT)
control group and siRNA knockdown or
overexpression group) were seeded into the 96-well
plates and cultured for 24h (3000 cells per well). Then
the Cell Counting Kit 8 (Biotool, USA) was added into
these cells (10pL CCK-8 reagent per well) and
cultured for 2h, then measured the absorbance at 450
nm per well.

Transwell cell invasion assay

Firstly, the precooled matrix gel was diluted
with serum free medium in a ratio of 1:8, and then
added to the bottom of the transwell chamber (50pL
matrix gel per well). Afterwards, cells were inoculated
onto the transwell chamber and the total number of
cells per well was 4 x 10* / mL. RPMI-1640 (added
with 15%FBS) was added into the bottom of the
chamber. After 48-h tranquillization at 37°C and 5%
CO,, cells were fixed in methanol solution and stained
with crystal violet successively, and then washed the
transwell chamber with tap water. Finally, the
number of membrane-passing cells was counted
under the light microscope (five randomly selected
fields).

Results

Preliminary screening of key genes for
pyroptosis

529 ccRCC transcriptome data of TCGA were
randomly divided into two groups: a training cohort
(n =265) and a validation cohort (n=264). The training
cohort data were analyzed and modeled with 40
PRGs. Firstly, 16 pyroptosis key genes related to the
clinical prognosis of the training cohort were
screened, including 13 promoting genes and 3
protective genes (Figure 1A). After that, the
preliminary model was divided into two different
groups (a high-grade group and a low-grade group)
by the NMF algorithm (Figure 1B; Figure S1A-B).
There were significant differences in survival and
prognosis between the two groups (Figure 1C).

Selection of key PRGs and establishment of
the prediction model

Lasso regression (Figure 1D-E) and multivariate
cox regression (Figure 1F) were used to finally select
four key molecules related to pyroptosis: CASP9,
GSDME, IL1B and TIRAP. The survival prognosis of
the four genes for the training cohort was also shown
by KM curves (Figure S2A). Using these four key
molecules, the risk prediction model of PRGs in
ccRCC was established. The sensitivity of the model is
shown in in Figure 2A. The formula of our model as
follow: Risk score = a x (1.028665075621620) + b x
(0.496439639415188) + ¢ x (0.411374794253998) + d x
(-1.236071649587060) (a,b,c,and d represent the
mRNA expression of CASP9, GSDME, IL1B and
TIRAP respectively). The risk score of the model was
verified in the training cohort. The KM curves, scatter
diagram and heatmap all showed that patients with
high-risk scores had poorer survival prognosis, and
those with low-risk scores had better prognosis
(Figure 2B-D; Figure S2B).
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Figure 1. Construction of the prognosis prediction model depends PRGs in TCGA ccRCC training cohort. (A) 16 PRGs related to the clinical prognosis of ccRCC were
screened from 40 PRGs by univariate cox regression. (B) Two subgroups were identified by the NMF. (C) The Kaplan-Meier survival analysis of the related patients in two
different subgroups. (D,E) 16 preliminary candidate PRGs under the LASSO analysis. (F) 4 final PRGs of the model (CASP9, GSDME, IL1B and TIRAP) screened out by multivariate

cox regression.

Correlation between the model and clinical
indicators and the immune-related pathway
score of the model

Univariate cox regression (Figure 3A) and
multivariate cox regression (Figure 3B) were used to
analyze the correlation between the model and the
clinical indicators. As shown by the nomogram, the
model was significantly correlated with tumor stage,
tumor grade and riskscore (Figure 3C). The ROC
curve also demonstrated that the nomogram
prediction model was sensitive (Figure 3D). The 1-, 3-
and 5-year survival rates predicted by nomogram are
shown in the line chart (Figure 3E). Gene Ontology
(GO) enrichment analysis (Figure S3A) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis
(Figure S3B) showed that the model was enriched in
immune-related pathways, and ssGSEA (Figure S5A)
showed that the scores of immune related pathways
in high-risk group were higher than those in low-risk
group. These results may suggest that pyroptosis is
closely related to immune function in ccRCC.

The risk score of the centralized validation
model in the internal validation cohort

The internal validation cohort of 264 cases of
TCGA ccRCC data was used to verify the pyroptosis
molecular biomarkers risk prediction model. The
results demonstrated that the model was verified
accurately in the internal training cohort, which is
consistent with the training cohort (Figure 4A-F).
Additionally, the immune-related scores of the
internal validation cohort were also validated (Figure
S4A-B; Figure S5B).

ccRCC tissue array of EHSH was used for
external validation

The tissue array of the 114 ccRCC patients from
EHSH was used as our external validation of the
model, and the four pyroptosis-related molecules
(CASP9, GSDME, IL1B and TIRAP) of the model was
IHC stained (Figure 5A). The risk score of EHSH
patients were calculated according to the same
formula of the training cohort and the EHSH patients
were divided into two different groups (a high-risk
score group and a low-risk score group). The results
showed that the expression levels of CASP9, GSDME
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and IL1B in RCC were higher than those in the
adjacent tissues, but the expression level of TIRAP in
RCC was lower than that in the adjacent tissues
(Figure 5B). Moreover, the IHC score of CASP9,
GSDME and IL1B in high-risk score group patients
were higher than those in low-risk score group
patients, but the IHC score of TIRAP in high-risk score
group patients were lower than that in the low-risk
score group patients (Figure 5C). KM survival curve
showed that the survival prognosis of patients with
high expressions of CASP9, GSDME and IL1B was
worse than that of patients with low expression, and
the survival prognosis of patients with high
expression of TIRAP was better than that of patients
with low expression (Figure 5D). Meanwhile, the
survival prognosis of the two risk score groups
patients in EHSH cohort was also shown by KM
curves (Figure 5E). These results demonstrated that
the model was sensitive to verify the EHSH external
validation cohort.
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The cellular function of PRGs in the model in
ccRCC

The cellular function of the genes in the PRG
prediction model was verified in ¢ccRCC 786-O and
769-P cells. Firstly, siRNA of CASP9, GSDME and
IL1B was constructed, and the overexpression
plasmid of TIRAP was constructed and transfected
into 786-O and 769-P cells. The constructed
knockdown and overexpression cell line was verified
by Western blot assay (Figure 6A). The results of the
CCKS8 cell proliferation experiment showed that the
proliferation of ccRCC was decreased after silencing
CASP9, GSDME and IL1B, and decreased after TIRAP
overexpression (Figure 6B). The Transwell cell
invasion experiment also showed that the ability of
invasion in ccRCC cells was decreased after silencing
CASP9, GSDME and IL1B, and decreased after TIRAP
overexpression (Figure 6C-D). Hence, the four PRGs
(CASP9, GSDME, IL1B and TIRAP) play as the
oncogene or antioncogene in ccRCC, which affect the
ability of the proliferation and invasion in ccRCC.
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Figure 2. Validation of the PRGs prediction model in training cohort. (A) Time-dependent ROC curve (1 year-, 3year-, S5year-) of the PRGs prediction model in training cohort.
(B) The Kaplan-Meier survival analysis of the training cohort patients in high-risk and low-risk groups. (C,D) Scatter diagram visualizing the distribution of the risk score and

survival time of training cohort patients in the prediction model.
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Figure 3. The clinical indicators analysis of the model in the training cohort. (A,B) Independent clinical indicators screened out by univariate cox regression and multivariate cox
regression. (C) Nomogram showing the correlation between the risk score and clinical indicators. (D) Time-dependent ROC curve (I year-, 3year-, S5year-) of the nomogram
model in training cohort. (E) Calibration of the nomogram at | year-, 3year-, Syear- OS rate in the training cohort.

Discussion

Surgery remains the mainstay of treatment for
ccRCC. However, about 40% of patients with
advanced ccRCC who underwent surgery eventually
developed distant metastases (23,24), whose OS is
usually poor (25). Some previous studies have
demonstrated that even patients with the same TNM
stage or risk factors had different clinical outcomes
because of the molecular heterogeneity (26). Hence, it
is important to identify novel prognostic molecular
signatures,which may provide a suitable window of
opportunity for ccRCC patients.

Like apoptosis, ferroptosis and autophagy,
pyroptosis is a form of cell death, but one of the
characteristics of pyroptosis is inflammatory cell

death (13). Compared with apoptosis, pyroptosis is a
kind of necrotic and inflammatory programmed cell
death induced by inflammation [13]. The process of
pyroptosis depends on caspase-1 (27). Under external
stimulation, the precursor of caspase-1 binds to
pattern recognition receptor NLRP1 / 3 through
adaptor protein ASC to form a high molecular
compound known as an inflammatory body. Pores
are formed when cells undergo pyroptosis, which
allows for the release of lactate dehydrogenase and
inflammatory cytokines (28). Previous studies have
shown that the molecules related to pyroptosis are
closely related to the proliferation, migration and
tumor immunity of several tumors (29-35). However,
the relationship between pyroptosis and ccRCC has
not been thoroughly described.
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Table 2. Univariate and multivariate analyses in the training cohort and validation cohorts.

Cohort Characteristic Univariate Multivariate
HR 95% CI P value HR 95% CI P value
Training cohort Age 1.384 0.192-9.973 0.747 - - -
Gender 1.133 0.749-1.716 0.554 - - -
T 1.917 1.531-2.401 <0.001 0.956 0.581-1.575 0.861
M 4.891 3.194-7.49 <0.001 1.609 0.719-3.600 0.247
N 3.039 1.113-8.299 0.03 2.077 0.696-6.194 0.19
Stage 1.957 1.63-2.351 <0.001 1.651 1.338-2.037 <0.001
Grade 1.876 1.494-2.357 <0.001 1.337 1.014-1.765 0.04
Riskscore 1.421 1.281-1.575 <0.001 1.205 1.052-1.380 0.007
Internal validation cohort Age 0.906 0.286-2.876 0.867 - - -
Gender 0.944 0.585-1.522 0.812 - - -
T 1.945 1.530-2.472 <0.001 1.015 0.498-2.069 0.968
M 3.936 2.495-6.208 <0.001 1.734 0.681-4.417 0.248
N 4.631 2.105-10.19 <0.001 1.355 0.507-3.619 0.545
Stage 1.779 1.474-2.146 <0.001 1.579 1.283-1.943 <0.001
Grade 2.062 1.566-2.715 <0.001 1.514 1.101-2.082 0.011
Riskscore 1.295 1.125-1.49 <0.001 1.163 1.002-1.35 0.047
External validation (EHSH) Age 0.622 0.209-1.849 0.393 - - -
cohort Gender 1.747 0.724-4.217 0.125 - - -
T 2.297 1.535-3.437 <0.001 0.394 0.143-1.058 0.065
M 6.023 2.327-15.59 <0.001 0.583 0.073-4.648 0.61
N 2.941 1.077-8.034 0.035 0.565 0.139-2.305 0.426
Stage 2.115 1.501-2.981 <0.001 3.578 1.036-12.365 0.044
Grade 2.822 1.76-4.526 <0.001 2119 1.09-4.121 0.027
Riskscore 1.012 1.005-1.018 <0.001 1.009 1.003-1.015 0.012
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Figure 4. Validation of the PRGs prediction model in internal validation cohort. Time-dependent ROC curve (1 year-, 3year-, Syear-) of the PRGs prediction model in internal
validation cohort. (B) The Kaplan-Meier survival analysis of the internal validation cohort patients in high-risk and low-risk groups. (C,D) Scatter diagram visualizing the
distribution of the risk score and survival time of internal validation cohort patients in the prediction model. (E,F) Independent clinical indicators verified by the univariate and
multivariate cox regression in our internal validation cohort.
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Figure 5. Validation of the PRGs prediction model in external validation cohort (EHSH cohort). (A) Immunohistochemistry displaying the protein expression of 4 PRGs in cancer
and adjacent normal tissues in external validation cohort. (B) Bar plots showing the immunohistochemical scores of the 4 PRGs in cancer and adjacent normal tissues in external
validation cohort, **P < 0.01. (C) Bar plots showing the immunohistochemical scores of the 4 PRGs in high-risk group and low-risk group patients in external validation cohort,
*P < 0.01. (D) The Kaplan-Meier survival analysis of the 4 PRGs in the external validation cohort. (E) The Kaplan-Meier survival analysis of the two different groups (high-risk

group and low-risk group) patients in the external validation cohort.

In this study, we analyzed the TCGA database of
ccRCC and randomly divided it into two groups: a
training cohort (n=265) and an internal validation
cohort (n=264). From 40 previously reported genes
related to pyroptosis, four genes (CASP9, GSDME,
IL1B and TIRAP) identified to be closely related to the
survival prognosis of ccRCC patients were used to
establish a molecular model of pyroptosis related to
the prognosis of ccRCC. CASP9 (caspase-9) is a
member of the Caspase family. It is reported that
caspase-1-induced apoptosis involves the Bid-
caspase-9-caspase-3 axis, which may lead to
GSDME-dependent secondary pyroptosis (36). As
reported in the previous study (14), GSDME
(gasdermin E) belongs to the gasdermin family and is
closely related to pyroptosis. IL1B, a member of the

interleukin family, is secreted and released in the
process of pyroptosis (13). TIRAP (TIR domain
containing adaptor protein) is essential for inflamma-
some activation and can regulate the expression of
caspase-1-related protease caspase-11 (37).

The internal validation cohort also proved that
the model was effective and accurate. Additionally,
we used EHSH tissue (n=114) microarrays as the
external validation cohort to perform IHC staining of
the four pyroptosis genes (CASP9, GSDME, IL1B and
TIRAP) in the model and analyzed the clinical
information of the patients (Table 2). The results
showed that the external validation cohort matched
the model, which increased the richness of the model
research. In addition to bioinformatics analysis, we
constructed the si-RNAs of the 3 pyroptosis-related
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genes (CASP9, GSDME, IL1B) and OE-plasmid of the
TIRAP in the model and transfected ccRCC 786-O and
769-P cells to verify their cellular functions. The
results of the cellular functions experiments showed
that the four PRGs in this research model could
significantly affect the proliferation and invasion
ability of ccRCC cells. Specifically, GSDME, CASP9
and IL1B could act as the oncogenes in ccRCC and
TIRAP may act as the anti-oncogene in ccRCC.
Additionally, our prediction model could also
describe the close relationship between pyroptosis
and ccRCC in tumor immunity, and the pyroptosis
model score was highly parallel to the immune score.
In view of the previous finding that pyroptosis has a
far-reaching impact on the immune microenviron-
ment (38,39), we wonder whether pyroptosis is
closely related to immunotherapeutic targets such as
PD1 and CTLA4, which will be further explored in
our ongoing study through bioinformatics analysis
and molecular biology experiments.

Conclusion

In conclusion, this study established a risk model

of pyroptosis-related molecular signatures to predict
the prognosis of ccRCC, which may provide some
new ideas for the molecular target therapy of ccRCC.

Supplementary Material

Supplementary figures.

https:/ /www.medsci.org/v21p0496s1.pdf
Supplementary tables.

https:/ /www.medsci.org/v21p0496s2.zip

Acknowledgments

The project is supported by the laboratory of
Translational Medicine Center of the Second Military
Medical University and the clinical specimens of
ccRCC are provided by Third Affiliated Hospital of
the Second Military Medical University.

Funding

This work was sponsored by the National
Natural Science Foundation of China (No. 82330094,
82072806, 81974391, 82173265); Leading health talents
of Shanghai Municipal Health Commission (2022L
J002); Shanghai Rising-Star Program (23QC1401400);

https://www.medsci.org



Int. J. Med. Sci. 2024, Vol. 21

506

Shanghai Rising-Star Cultivation Program (22YF145
8900); Natural Science Foundation of Shanghai
(23ZR1441300); Shanghai Municipal Commission of
Health and Family Planning (20204Y0042); Hospital
Funded Clinical Research, Xin Hua Hospital
Affiliated to Shanghai Jiao Tong University School of
Medicine (21XHDBO06).

Data availability statement

Supplementary data (Supporting information 1,
2, 3, 4 and Figure S1, S2, S3, 54, S5) were used in the
study.

Author contributions

Xin-gang Cui and Xiu-wu Pan conceived and
designed the study. Jia-xin Chen, Run-yi Jiang,
Wen-bin Guan, and Qi-feng Cao performed the
experiments. Jia-xin Chen and Run-yi Jiang
performed the bioinformatics analysis and wrote the
manuscript. Jia-xin Chen, Yi-jun Tian and Ke-qgin
Dong reviewed and edited the manuscript. All
authors read and approved the manuscript.

Ethical approval and consent to participate

The experiment was approved by the ethical
committee of the Third Affiliated Hospital of the
Second Military Medical University. All the patients
gave informed consent and agreed to participate in
the study.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Rini BI, Campbell SC, Escudier B. Renal cell carcinoma. Lancet.
2009;373:1119-32.

2. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et
al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence
and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer ]
Clin. 2021,71:209-249.

3. Ljungberg B, Albiges L, Abu-Ghanem Y, Bedke J, Capitanio U, Dabestani
S, et al. European Association of Urology Guidelines on Renal Cell
Carcinoma: The 2022 Update. Eur Urol. 2022;82:399-410.

4. Moch H, Cubilla AL, Humphrey PA, Reuter VE, Ulbright TM. The 2016
WHO Classification of Tumours of the Urinary System and Male Genital
Organs-Part A: Renal, Penile, and Testicular Tumours. Eur Urol.
2016;70:93-105.

5. Diaz-Montero CM, Rini BI, Finke JH. The immunology of renal cell
carcinoma. Nat Rev Nephrol. 2020;16:721-735.

6. Lee CH, Motzer R]. Immune Checkpoint Therapy in Renal Cell
Carcinoma. Cancer J. 2016,22:92-5.

7. Ficarra V, Novara G. Kidney cancer: Characterizing late recurrence of
renal cell carcinoma. Nat Rev Urol. 2013;10:687-689.

8.  Serie D], Joseph RW, Cheville JC, Ho TH, Parasramka M, Hilton T, et al.
Clear Cell Type A and B Molecular Subtypes in Metastatic Clear Cell
Renal Cell Carcinoma: Tumor Heterogeneity and Aggressiveness. Eur
Urol. 2017;71:979-985.

9. Ueno D, Xie Z, Boeke M, Syed ], Nguyen KA, McGillivray P, et al.
Genomic Heterogeneity and the Small Renal Mass. Clin Cancer Res.
2018;24:4137-4144.

10. Gerlinger M, Horswell S, Larkin J, Rowan A]J, Salm MP, Varela I, et al.
Genomic architecture and evolution of clear cell renal cell carcinomas
defined by multiregion sequencing. Nat Genet. 2014;46:225-233.

11.

12.

13.

14.

15.

16.

17.

18.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Cancer Genome Atlas Research Network. Comprehensive molecular
characterization of clear cell renal cell carcinoma. Nature. 2013;499:43-9.
Mitchell TJ, Turajlic S, Rowan A, Nicol D, Farmery JHR, O'Brien T, et al.
TRACERx Renal Consortium. Timing the Landmark Events in the
Evolution of Clear Cell Renal Cell Cancer: TRACERx Renal. Cell.
2018;173:611-623.e17.

Bergsbaken T, Fink SL, Cookson BT. Pyroptosis: host cell death and
inflammation. Nat Rev Microbiol. 2009;7:99-109.

Ding J, Wang K, Liu W, She Y, Sun Q, Shi ], et al. Pore-forming activity
and structural autoinhibition of the gasdermin family. Nature.
2016;535:111-6.

Liu X, Zhang Z, Ruan ], Pan Y, Magupalli VG, Wu H, et al
Inflammasome-activated gasdermin D causes pyroptosis by forming
membrane pores. Nature. 2016;535:153-8.

Aglietti RA, Estevez A, Gupta A, Ramirez MG, Liu PS, Kayagaki N, et al.
GsdmD p30 elicited by caspase-11 during pyroptosis forms pores in
membranes. Proc Natl Acad Sci USA. 2016;113:7858-63.

Sborgi L, Riihl S, Mulvihill E, Pipercevic ], Heilig R, Stahlberg H, et al.
GSDMD membrane pore formation constitutes the mechanism of
pyroptotic cell death. EMBO J. 2016;35:1766-78.

Rogers C, Fernandes-Alnemri T, Mayes L, Alnemri D, Cingolani G,
Alnemri ES. Cleavage of DENADS by caspase-3 during apoptosis mediates
progression to secondary necrotic/pyroptotic cell death. Nat Commun.
2017;8:14128.

Wang Y, Gao W, Shi X, Ding J, Liu W, He H, et al. Chemotherapy drugs
induce pyroptosis through caspase-3 cleavage of a gasdermin. Nature.
2017;547:99-103.

. Wang Q, Wang Y, Ding ], Wang C, Zhou X, Gao W, et al. A

bioorthogonal system reveals antitumour immune function of
pyroptosis. Nature. 2020;579:421-426.

Guo M, Xiao ZD, Dai Z, Zhu L, Lei H, Diao LT, et al. The landscape of
long noncoding RNA-involved and tumor-specific fusions across
various cancers. Nucleic Acids Res. 2020;48:12618-12631.

Zhou Z, Ding J, Shao F. Granzyme A from cytotoxic lymphocytes cleaves
GSDMB to trigger pyroptosis in target cells. Science. 2020 ;368:eaaz7548.
Choueiri TK, Motzer R]. Systemic Therapy for Metastatic Renal-Cell
Carcinoma. N Engl ] Med. 2017;376:354-366.

Gray RE, Harris GT. Renal Cell Carcinoma: Diagnosis and Management.
Am Fam Physician. 2019;99:179-184.

Leibovich BC, Lohse CM, Crispen PL, Boorjian SA, Thompson RH, Blute
ML, et al. Histological subtype is an independent predictor of outcome
for patients with renal cell carcinoma. J Urol. 2010;183:1309-15.

Zhong W, Li Y, Huang J. Characterization of Molecular Heterogeneity
Associated With Tumor Microenvironment in Clear Cell Renal Cell
Carcinoma to Aid Immunotherapy. Front Cell Dev Biol. 2021;9:736540.
Komada T, Muruve DA. The role of inflammasomes in kidney disease.
Nat Rev Nephrol. 2019;15:501-520.

Vande Walle L, Lamkanfi M. Pyroptosis. Curr Biol. 2016,26:R568-R572.
Yu], LiS, QiJ, Chen Z, Wu Y, Guo ], et al. Cleavage of GSDME by
caspase-3 determines lobaplatin-induced pyroptosis in colon cancer
cells. Cell Death Dis. 2019;10:193.

Derangere V, Chevriaux A, Courtaut F, Bruchard M, Berger H, Chalmin
F, et al. Liver X receptor B activation induces pyroptosis of human and
murine colon cancer cells. Cell Death Differ. 2014;21:1914-24.

Pizato N, Luzete BC, Kiffer LFMV, Corréa LH, de Oliveira Santos I,
Assumpgao JAF, et al. Omega-3 docosahexaenoic acid induces
pyroptosis cell death in triple-negative breast cancer cells. Sci Rep.
2018;8:1952.

An H, Heo JS, Kim P, Lian Z, Lee S, Park J, et al. Tetraarsenic hexoxide
enhances generation of mitochondrial ROS to promote pyroptosis by
inducing the activation of caspase-3/GSDME in triple-negative breast
cancer cells. Cell Death Dis. 2021;12:159.

Hage C, Hoves S, Strauss L, Bissinger S, Prinz Y, Poschinger T, et al.
Sorafenib Induces Pyroptosis in Macrophages and Triggers Natural
Killer Cell-Mediated Cytotoxicity Against Hepatocellular Carcinoma.
Hepatology. 2019;70:1280-1297.

Yang Y, Liu PY, Bao W, Chen SJ, Wu FS, Zhu PY. Hydrogen inhibits
endometrial cancer growth via a
ROS/NLRP3/ caspase-1/ GSDMD-mediated pyroptotic pathway. BMC
Cancer. 2020;20:28.

Xia X, Wang X, Cheng Z. The role of pyroptosis in cancer: pro-cancer or
pro-"host"? Cell Death Dis. 2019;10:650.

Tsuchiya K, Nakajima S, Hosojima S, Thi Nguyen D, Hattori T, Manh Le
T, et al. Caspase-1 initiates apoptosis in the absence of gasdermin D. Nat
Commun. 2019;10:2091.

Gurung P, Malireddi RK, Anand PK, Demon D, Vande Walle L, Liu Z, et
al. Toll or interleukin-1 receptor (TIR) domain-containing adaptor
inducing interferon-f (TRIF)-mediated caspase-11 protease production
integrates  Toll-like receptor 4 (TLR4) protein- and Nlrp3

https://www.medsci.org



Int. J. Med. Sci. 2024, Vol. 21

507

38.

39.

inflammasome-mediated host defense against enteropathogens. J Biol
Chem. 2012;287:34474-83.

DuT,Gao]J, LiP, Wang Y, Qi Q, Liu X, et al. Pyroptosis, metabolism, and
tumor immune microenvironment. Clin Transl Med. 2021;11:e492.

Erkes DA, Cai W, Sanchez IM, Purwin TJ, Rogers C, Field CO, et al.
Mutant BRAF and MEK Inhibitors Regulate the Tumor Immune
Microenvironment via Pyroptosis. Cancer Discov. 2020;10:254-269.

https://www.medsci.org



